. This unique function is performed by uncoupling protein 1 (UCP1) specifically expressed in mitochondria of BAT. UCP1 dissipates the driving force of ATP synthesis, and thus causes heat production followed by energy expenditure. The thermogenic function of BAT has the role of maintaining body temperature under cold conditions. When animals are exposed to cold, the expression of UCP1 gene is increased to activate thermogenesis. To date, functional analysis of BAT has been focused on UCP1, because it plays an indispensable role in thermogenesis. However, the gene expression of not only UCP1 but also that of other genes in BAT is expected to be regulated to achieve effective thermogenesis. Our previous investigations showed increased expression of genes that encode several energy metabolic enzymes in the BAT of rats kept in the cold. These changes in gene expression imply that the enhancement of energy metabolism is needed to activate thermogenesis. Furthermore, various reports from studies focused on genes whose expression is changed in response to cold stimulation have provided new insights into the function of BAT. In this review, to understand the thermogenic function of BAT systematically, we have provided an overview of previous findings on changes in the expression of genes thought to be related to the activation of thermogenesis in BAT.
INTRODUCTION
In mammals, two kinds of adipose tissues exist, and they have completely opposite functions. One is referred to as white adipose tissue (WAT), known as "adipose tissue" in general, and has the role of storing energy in the form of neutral lipids. The other is referred to as brown adipose tissue (BAT). BAT is the site of energy dissipation linked to heat production (thermogenesis). In ordinary tissues, the process of degrading fuel molecules is directly coupled to ATP synthesis. However, in BAT, this coupling is disrupted by uncoupling protein 1 (UCP1), which is specifically expressed in the mitochondria of BAT. This protein causes conversion of the driving force of ATP synthesis into heat. 1) In addition, as we previously reported, BAT has a unique metabolic pathway that includes several proteins known to be significantly expressed in muscle tissues. [2] [3] [4] [5] These findings suggest that a highly efficient metabolic pathway similar to that in muscle tissue is needed for thermogenesis in BAT.
BAT consumes fuel molecules as the energy source of thermogenesis instead of ATP synthesis. In ordinary tissues, the degradation of fuel molecules is strictly controlled to keep the energy source direced for ATP synthesis. BAT also requires ATP for cell maintenance. Therefore, thermogenesis in BAT must be controlled in response to necessity. In fact, the expression of the UCP1 gene is increased in response to a decrease in the environmental temperature. 3, 6) Because UCP1 plays an indispensable role in thermogenesis, this increase in the expression of UCP1 gene is suitable for meeting the physiological demand. However, as described above, the thermogenic function of BAT does not only rely on UCP1. Our previous investigations showed that the expression of several genes involved in energy metabolism is up-regulated in experimental animals exposed to a cold environment. 3, 7) In addition to our study, various reports have shown that genes whose expression changes in response to cold stimulation contribute to the activation of thermogenesis in BAT. Taken together, these findings indicate that the activation of thermogenesis is represented by complicated changes in the expression of various genes.
In this review, to understand better the thermogenic function of BAT, we have given a systematic overview of previous findings on changes in the expression of genes thought to be related to the activation of thermogenesis in BAT.
MECHANISM OF THERMOGENESIS AND GENE EXPRESSION IN BAT
In ordinary tissues, free energy produced by degradation of fuel molecules (e.g., glucose and fatty acids) is stored in ATP. This process is referred to as "energy metabolism" and involves reactions catalyzed by various metabolic enzymes. The last process of energy metabolism is performed in mitochondria. In the mitochondrial matrix, free energy transferred by the chain of metabolic enzyme reactions is conserved in respiratory substrates. These substrates are oxidized by the respiratory chain located in the mitochondrial inner membrane. Accompanied by oxidation of respiratory substrates, the respiratory chain pumps protons out from the matrix into the mitochondrial inter membrane space. As a result, free energy is converted to a proton gradient across the mitochondrial inner membrane. Finally, protons flow into the mitochondrial matrix through ATP synthase. Using this proton gradient as a driving force, ATP is synthesized by the fol-
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Masahiro WATANABE, a,b Takenori YAMAMOTO, a Chihiro MORI, a,b Naoto OKADA, a,b Naoshi YAMAZAKI, lowing reaction: ADPϩPi⇒ATP (phosphorylation of ADP). Therefore, to synthesize ATP, oxidation of respiratory substrates in the respiratory chain is coupled with phosphorylation of ADP by ATP synthase. The generic name of these two reactions is "oxidative phosphorylation". On the other hand, in BAT, this oxidative phosphorylation is uncoupled by UCP1. Being located in the mitochondrial inner membrane, UCP1 acts as proton transporter to abolish the proton gradient, the driving force of ATP synthesis. Thus, the free energy conserved in the proton gradient is dissipated as heat (Fig. 1) . This is the mechanism to produce heat in BAT, and is referred to as "non-shivering" thermogenesis, in contrast to "shivering" thermogenesis in muscle tissues. This non-shivering thermogenesis is highly important in neonates and small rodents, whose muscle tissues are not well developed. In addition, during hibernation, hibernators also need the function of BAT. 8) For a long time, it was believed that adult humans lose BAT and its function. However, a recent investigation revealed that functional BAT exits in adult humans. 9) As described above, UCP1 uncouples degradation of fuel molecules and ATP synthesis. Because of the indispensable role of UCP1 in thermogenesis in BAT, functional analysis of thermogenesis has been focused on this protein. However, not only UCP1 but also other genes are expected to participate in effective thermogenesis in BAT. Genes whose expression is restricted to a particular tissue are thought to play an important role in the specific function of that tissue. According to this hypothesis, we comparatively investigated the gene expression profiles in BAT and WAT by differential screening,
2) PCR-select subtraction, 4) and microarray analysis. 5) As a result, we succeeded in revealing that BAT has a specific metabolic pathway similar to that of muscle tissues, possibly reflecting high capacity for metabolic flow.
MECHANISMS THAT ACTIVATE THERMOGENE-SIS

Cold Stimulation Triggers Activation of Thermogenesis
Cold stimulation activates sympathetic and motor nerves in an effort to resist any decrease in body temperature. Activation of sympathetic nerves induces "non-shivering" thermogenesis in BAT, in contrast to "shivering" thermogenesis in muscle tissues induced by the activation of motor nerves. In the following section, we use the term of "thermogenesis" as "non-shivering" thermogenesis. Furthermore, cold stimulation also affects several tissues besides BAT. These tissues may relate to the activation of BAT indirectly, possibly through hormones, neurotransmitters, and/or cytokines. These indirect effects of cold stimulation on BAT are highly complicated, and remain unclear. Several candidate factors have been investigated and discussed.
Cold stimulation increases the plasma glucagon level. 10) Several reports suggest that glucagon activates thermogenesis in BAT of experimental animals or brown adipocyte cell cultures. 11, 12) However, a negative result was also reported. 13) Therefore, the physiological role of glucagon in the activation of thermogenesis is still uncertain. In general, it is thought that the physiological role of insulin is the opposite of that of glucagon. Interestingly, insulin plays an essential role in the induction of UCP1 gene expression. 14, 15) However, cold or adrenergic stimulation does not cause a significant change in the plasma insulin level. 16, 17) Therefore, insulin may be related to the differentiation of brown adipocytes rather than to the activation of thermogenesis. On the other hand, the level of plasma thyroid stimulating hormone (TSH) is increased when experimental animals are exposed to the cold, 18) and TSH increases the expression of the genes essential for thermogenesis in BAT. 19) TSH is generated in the pituitary gland, and other brain-derived factors are also known to activate thermogenesis. One is brain-derived neurotrophic factor (BDNF), a member of the neurotrophin family. When BDNF was injected into db/db mice, elevation of the body temperature was observed. 20) It is thought that this elevation was mainly caused by the activation of thermogenesis in BAT. Similar to BDNF, ciliary neurotrophic factor (CNTF) is suggested to promote thermogenic function in BAT. 21) However, plasma levels of these brain-derived factors in coldexposed animals remain unclear.
In addition to these humoral activators of thermogenesis, signal transducers that repress thermogenesis have also been investigated. Rats injected with a dopamine receptor agonist failed to maintain their normal body temperature in the cold. 22) In these rats, decreased thermogenesis in their BAT was observed. This inhibitory effect was caused by the central nervous system. In contrast to dopamine, glucocorticoids reduce thermogenic activity through their direct action on BAT.
23)
Cold Stimulation Causes Changes in Gene Expression in BAT
The activation of sympathetic nerves induces noradrenaline release from the terminals of these nerves. b 1 , b 3 , and a 1 adrenergic receptors are known to exist on the surface of brown adipocytes. 24) These receptors belong to the family of G protein-coupled receptors. Stimulation by noradrenaline is transduced by an increase in second transducers: cAMP related to b receptors, and calcium ions and diacyl glycerol related to a 1 receptors. These second transducers cause various downstream events that can be roughly divided into two classes. One is functional regulation of proteins already expressed in brown adipocytes. This event is mainly caused by protein kinases activated by second transducers. For example, protein kinase A, which is activated by cAMP, induces degradation of neutral lipids through phosphorylation of perilipin. 25) Thus, the generated free fatty acids are used as fuel in the energy metabolic pathway to supply free energy for thermogenesis, and they also activate the function of UCP1 itself. 1, 26) These effects occur faster than those of the other event described below. Therefore, this event would be needed to rapidly elevate the body temperature. The other class of events is the regulation of gene expression. These changes include completely new events in the activation of thermogenesis. For example, enlargement of BAT is observed in experimental animals fed under the cold condition. Several reports demonstrate that enlargement of BAT induced by cold exposure is caused by an increase in the number of mature brown adipocytes. 27, 28) These results indicate that cold stimulation induces a series of gene expression changes that are needed for proliferation and differentiation of brown adipocyte precursor cells in BAT. In addition, various genes, such as UCP1, are known to undergo a change in their expression level in response to cold and/or adrenergic stimulation. 3, 6) These changes in the expression of the genes are needed to keep effective long-term thermogenesis in BAT.
To understand the function of BAT, we have focused on and investigated the differences in gene expression profiles between BAT and WAT. Thereby we succeeded in revealing some of the functional features of BAT.
2-5,7) Therefore we thought that this strategy might also be suitable to reveal events that occur during the activation of thermogenesis in BAT. Applying this strategy, we compared the expression of genes in BAT of rats fed at room temperature with that of rats fed in the cold and succeeded in obtaining clues to reveal the mechanism of activation of thermogenesis in BAT.
3) In the following section, in addition to our findings, we describe other leading studies showing changes in the expression of various genes during activation of thermogenesis in BAT.
GENES WHOSE EXPRESSION IS CHANGED IN RE-SPONSE TO ACTIVATION OF THERMOGENESIS
3.1. Cell-Surface Receptors As described above, it is thought that adrenergic signaling have a main role in transducing the cold stimulation to BAT. Stimulation through b 1 adrenergic receptors causes proliferation of brown adipocyte precursor cells. 29) The expression of this receptor gene is upregulated in response to cold and/or adrenergic stimulation. 3, 30, 31) Stimulation through b 3 adrenergic receptors causes differentiation and maturation of brown adipocytes. These processes include increased expression of BAT-specific genes. 30) Interestingly, the gene expression of the b 3 receptor is decreased in response to cold and/or adrenergic stimulation. 30, 32) In addition, it was suggested that this downregulation is transient and is recovered by chronic cold stimulation. 3, 31, 32) The physiological meanings of this phenomenon are still uncertain. Signaling mediated by a 1 adrenergic receptors is needed for growth and development of brown adipocytes. However, it is thought that the contribution of the a 1 adrenergic receptor to thermogenic function is relatively small as compared with that of the b adrenergic receptors, and it may act to activate thermogenesis synergistically with b adrenergic receptors. [33] [34] [35] The a 1 adrenergic receptor exists as three subtypes: a 1A , a 1B , and a 1D . All three subtypes are expressed in BAT. 36) The expression of the a 1B adrenergic receptor gene is at a relatively low level as compared with that of the other subtypes, and is not significantly affected by cold stimulation.
36) The expression of a 1A and a 1D adrenergic receptors exhibit complicated changes by short-term cold stimulation. 36) Chronic cold stimulation for 4 weeks increases the expression of the a 1A adrenergic receptor alone. 36) In addition, the expression of other cell-surface receptors is known to change in response to cold and/or adrenergic stimulation. Glucagon receptors and TSH receptors are members of the G protein-coupled family of receptors, and are categorized into same class with b adrenergic receptors. As described above, it is thought that glucagon and TSH play a role in activating thermogenesis. However, cold stimulation decreases the expression of the glucagon receptor gene in BAT of rats.
37) The TSH receptor is expressed in rat BAT, and is also down-regulated by cold stimulation. 19) Cell culture studies revealed that this effect is caused by an increase in the intracellular cAMP content in response to cold, adrenergic, glucagon or TSH stimulation. 19) The physiological meaning of the down-regulation of glucagon and TSH receptor genes is still unclear. The interleukin-1 type I receptor (IL-1RtI) exists on the surface of brown adipocytes. 38) IL1RtI acts as the receptor of interleukin-1a (IL-1a) and IL1b, known as pyrogens secreted from leukocytes. 39) IL1b has the potential to activate thermogenesis. 40) The expression of the IL-1RtI gene is slightly increased in BAT of cold-exposed mice.
38) IL-1RtI is a member of the toll/interleukin-1 receptor family, which couples with the kinase signaling cascade, and is thus different from the G protein-coupled receptors described above. 39) Therefore, the IL-1RtI-mediated signaling pathway may have a role different from that of G proteincoupled receptor-mediated signaling pathways.
Modulators of Intracellular Signal Transduction
Adenylate cyclase 3 (AC3) generates cAMP, the second transducer of the intracellular adrenergic signaling pathway. The expression of the AC3 gene is up-regulated in response to cold stimulation. 41) This up-regulation may serve to enhance transduction of adrenergic signaling. Recently, we observed down-regulation of the expression of the regulator of G-protein signaling 2 (RGS2) gene in BAT of rats exposed to the cold. Being a part of the RGS protein family, RGS2 is a modulator of signal transduction related to G protein-coupled receptors including adrenergic receptors. RGS2 specifically acts to inhibit AC3. 42) Therefore, these changes in the expression of AC3 and RGS2 genes enhance adrenergic signal transduction, which is needed to activate thermogenesis in BAT.
Previously, we showed that inositol 1,4,5-trisphosphate (IP 3 ) receptor 2 (IP3R2) is mainly expressed in BAT. 43) IP3Rs function with signal transduction of a 1 adrenergic receptors to control the release of calcium ions from the endoplasmic reticulum. Similar to AC3 and RGS2, which are related to b adrenergic signaling, IP3R2 gene expression is increased in response to cold stimulation. 43) However, this change can not be confirmed at the protein level. More detailed investigations are needed to reveal the relation of this pathway to the activation of thermogenesis.
The expression of the type 2 iodothyronine deiodinase (DIO2) gene is increased in response to cold stimulation. 19) This up-regulation is thought to be caused, in part, through a TSH receptor-mediated signaling pathway. 19) DIO2 converts thyroxine (T4) into triiodothyronine (T3). T3 activates the thyroid receptor, the nuclear receptor that binds to the thyroid hormone response element in the promoter and/or enhancer region of several genes, including UCP1, and enhances the transcription of these genes.
Up-regulation of the expression of the endothelial nitric oxide synthase (eNOS) gene in response to adrenergic stimulation suggests the importance of NO in the activation of thermogenesis in BAT. 44) NO, which is synthesized by eNOS, is thought to have two roles in BAT. One role is the control of blood flow in BAT. NO causes relaxation of the vascular smooth muscles, thus increasing blood flow. It was observed that noradrenaline enhances blood flow in BAT. 45) This enhancement would supply additional fuel molecules and oxygen needed to activate energy metabolism and activate thermogenesis in BAT. In addition, recently, it was reported that NO activates a cyclic GMP (cGMP)-mediated signaling pathway. 46) NO activates "soluble" guanylate cyclase, which synthesizes cGMP. Then, cGMP causes mitochondrial biogenesis by increasing the expression of several transcription factors as described below.
Recently, the importance of the AMP-activated protein kinase (AMPK)-mediated signaling pathway in energy metabolism of adipose tissue has emerged. Kopecky et al. generated transgenic mice that expressed UCP1 specifically in adipose tissue by using the aP2 promoter. 47) When UCP1 was expressed in WAT, changes in gene expression were observed; and these changes were thought to be caused by activation of AMPK. 48) In addition to this finding, several reports have suggested a relationship between AMPK and activation of thermogenesis in BAT. Inokuma et al. focused on the relation between glucose intake and activation of AMPK. 49) They showed that the activation of AMPK was needed to increase glucose intake into BAT stimulated by noradrenaline. This phenomenon was not observed in UCP1 knockout mice. In addition, enhancement of AMPK activity in BAT of cold-exposed and adrenergically stimulated mice was observed. 50) These observations suggest that changes in gene expression mediated by the activation of UCP1 function are related to the activation of thermogenesis.
Transcription Factors and Their Co-activators
Finally, cold stimulation induces changes in the gene expression of transcription factors and their co-factors that regulate the expression of "target" genes. Although the functional genes that relate to the activation of thermogenesis are "target" genes, it is also important to address the mechanisms that regulate the gene expression of these transcription factors/co-factors. In this section, we discuss transcription factors and their cofactors thought to be related to the activation of thermogenesis in BAT.
In general, as described above, adrenergic stimulation is transduced through a second transducer, cAMP. Then, cAMP activates several kinases including protein kinase A; and this kinase phosphorylates cAMP response element binding proteins (CREB). Phosphorylated CREB enhances the transcription of genes that have cAMP response element in their 5Ј-flanking regions. This general process is involved in the activation of thermogenesis. In fact, an increase in phosphorylated CREB is seen in primary cultures of brown adipocytes in response to adrenergic agonists. 51) In addition to this general well-known process, it was suggested that a 1 adrenergic receptor-mediated activation of protein kinase C also leads to phosphorylation of CREB. 51) Peroxisome proliferator-activated receptors (PPARs), especially isoforms a and g, have an indispensable role in adipocyte differentiation. 52) In BAT, both PPARs contribute to the expression of the UCP1 gene. 53, 54) In addition, BAT of transgenic mice expressing dominant-negative PPARg display reduced thermogenic function. 55) However, the expression of the PPARg gene is down-regulated in BAT of mice fed in the cold condition.
31) The physiological meaning of this phenomenon is uncertain.
In addition to PPARs, CCAAT enhancer binding proteins (C/EBPs) also have importance in the differentiation of adipocytes. 56) Changes in expression of C/EBPa and b genes are observed in BAT of animals exposed to a cold environment, and these two C/EBPs may be regulated differentially. 57) Rehnmark et al. revealed that the expression of both C/EBPs is increased in BAT of chronically cold-exposed mice but that short-term exposure decreases the expression of C/EBPa. 57) This transient decrease suggests that C/EBPa interferes with early phase of activation of thermogenesis in BAT, but is needed for the latter phase. Adrenergic stimulation induces acute and transient proliferation of brown adipocyte precursor cells followed by differentiation of these cells. 27, 28) In fact, time-course studies revealed the expression of C/EBPa is decreased during proliferation of the cells, and is increased after the end of this phase.
57) Therefore, it is thought that C/EBPa acts to differentiate newly generated brown adipocyte precursor cells, whereas C/EBPb serves to activate thermogenesis in a different manner.
As described above, PPARs and C/EBPs play an important role in the differentiation of brown adipocytes and expression of the UCP1 gene. However, these transcription factors are expressed in not only BAT but also other tissues. Therefore, it was thought that BAT-specific coactivators of these transcription factors exist. In 1998, PPARg coactivator 1a (PGC1a) was discovered as a PPARg interacting protein by using the yeast two-hybrid system. 58) Tissue distribution of this coactivator is restricted to oxidative tissues including BAT and skeletal muscle, which have a high capacity energy metabolic pathway. It is observed that cold and/or adrenergic stimulation increases the expression of this gene in BAT. 58) This finding suggests PGC-1a to play a role in the expression of genes involved in energy metabolism including UCP1 in BAT, which expression is followed by activation of thermogenesis. PGC-1b was found as a gene having high sequence similarity with PGC-1a. 59 ) Like PGC-1a, this coactivator is distributed in oxidative tissues including BAT. [58] [59] [60] In addition, both PGC-1a and PGC-1b knockout mice show cold intolerance. 61, 62) This finding indicates the importance of these coactivators to thermogenesis in BAT in response to cold stimulation. However, different from that of the PGC-1a gene, the expression of the PGC-1b one is not increased by cold exposure. 59) Therefore, PGC-1b may act to prepare for a cold environment and/or activation of thermogenesis instead of being involved in activation of thermogenesis itself. Recently, Uldry et al. clearly showed differences in the role between PGC-1a and b. 63) This report showed that PGC-1a has an indispensable role in the activation of thermogenesis and both PGC-1s are functionally redundant in the differentiation of brown adipocytes.
Nuclear respiratory factors (NRFs) are also thought to contribute to the activation of thermogenesis in BAT through the activation of mitochondrial function. PGC-1 enhances the expression of NRF genes, and acts as coactivator of NRF-1.
64) NRF-1, which is activated by PGC-1, enhances the expression of genes required for mitochondrial function, such as mitochondrial transcription factors specific for mitochondrial DNA. 65, 66) When experimental animals are exposed to the cold condition, the number of mitochondria is increased in brown adipocytes. 67, 68) NRF-1 may relate to this phenomenon.
Hypoxia-inducible factor 1a (HIF1a) is known as a transcription factor the expression and activity of which are increased in response to hyoxia. 69) HIF-1a forms a heterodimer with HIF-1b, and regulates the expression of various genes, including those encoding energy metabolic enzymes and angiogenic factor, which are needed to improve hypoxia. In BAT, it was observed that the expression of the HIF-1a gene is increased in response to cold stimulation. 70) To activate thermogenesis, BAT requires highly effective energy metabolism, which consumes a large amount of oxygen and induces hypoxia. However, in BAT of UCP1 knockout mice, although hypoxia was not induced by cold stimulation, the expression of the HIF-1a gene was increased. 70) Therefore, in BAT, the expression of this gene would be regulated by cold stimulation directly.
Recently, it was revealed that orphan nuclear receptor estrogen-related receptor a (ERRa) contributes to changes in gene expression to activate thermogenesis. 71) ERRa is one of the target genes of PGC-1a. Interestingly, ERRa knockout mice show cold intolerance, although increased expression of the UCP1 gene is observed in their BAT. This phenotype is thought to be caused by decreases in mitochondria number and respiratory capacity in BAT of these knockout mice. In addition, changes in the expression of metabolic enzyme genes are observed in BAT and WAT of these knockout mice. 72) These findings indicate that UCP1 plays an indispensable role in the activation of thermogenesis but that changes in the expression of other factors are needed to achieve sufficient thermogenesis. NUR77 (nuclear receptor subfamily 4, group A, member 2, Nr4a1) was found to be an adrenergic stimulation-induced orphan nuclear receptor by the comparison of gene expression in immortalized HIB-1B brown adipocytes incubated with or without an adrenergic agonist. 73) This report suggests that NUR77 would inhibit expression of the UCP1 gene. In addition, in vivo investigation showed that the expression of NUR77 gene is transiently up-regulated by short-term cold exposure and that prolonged exposure causes rapid downregulation of this gene. Therefore, it was concluded that NUR77 acts to regulate acute up-regulation of the expression of UCP1 gene in response to cold stimulation.
From a slightly other view point, translational regulation also contributes to the activation of thermogenesis. Eukaryotic translation initiation factor 4F binding proteins (4E-BPs) are known as inhibitors of the mRNA 5Ј cap structure formation. 4F-BP1 knockout mice have smaller WAT than wildtype mice. 74) In WAT of these knockout mice, marked expression of the UCP1 gene was detected. This ectopic expression of UCP1 was thought to be caused by an increase in translation of PGC-1 transcripts in WAT of the knockout mice. Therefore, in WAT, 4E-BP1 serves to inhibit expression of the UCP1 gene through inhibiting the translation of PGC-1 transcripts. This mechanism functions in BAT to increase the expression of UCP1 in response to cold stimulation. 75) Retinoblastoma protein (Rb) acts as molecular switch to determine the fate of adipocyte precursors, i.e., their differentiation into brown or white adipocytes. 76) Rb suppresses the formation of the brown adipocyte phenotype during the early stage of differentiation of white adipocyte precursor cells. It was suggested that in white adipocyte precursor cells, Rb functions through suppressing the expression of PGC-1a gene. 77) On the other hand, Rb is not expressed in brown adipocyte precursor cells, but is expressed in mature cells. When experimental animals are exposed to cold environment, Rb is phosphorylated in parallel with increase in UCP1 gene expression. 76) This phenomenon suggests that Rb functions to regulate the expression of the genes needed to thermogenesis including UCP1. In addition, it is also suggested that to activate thermogenesis, this function of Rb is inactivated by phosphorylation in response to cold stimulation.
Genes Related Directly to Cellular Functions
Transcription factors bind to their specific binding sites located in the promoter and/or enhancer region of target genes that relate to cellular functions directly, and control the expression of these genes. Because UCP1 has an indispensable role in thermogenesis, the mechanisms of gene expression and regulation of this gene have been well investigated and characterized. Cold stimulation increases the expression of the UCP1 gene. This up-regulation is caused by various transcription factors and their coactivators, which bind to the enhancer region of UCP1. 14, 53, 54, 58, [78] [79] [80] [81] Some of these factors discussed above increase its expression and/or activity in response to cold stimulation (Fig. 2) . Therefore, the increase in the expression of UCP1 gene is mediated by changes in the gene expression of various transcription factors and their coactivators. Most of the genes whose expression is changed in response to cold and/or adrenergic stimulation are thought to be regulated by the mechanism like that for UCP1. However, the transcription control mechanisms of these genes are not as well characterized as that mechanism for UCP1. In this section, we list possible target genes that function to activate thermogenesis directly.
After the discovery of UCP1, two homologues of this gene were found by database searching, i.e., UCP2 and UCP3. 82, 83) May 2008 779
Fig. 2. Transcription Factors That Bind to Enhancer Region of UCP1 Gene
Transcription enhancer region is located at ca. 2.5 kbp upstream from exon I of the UCP1 gene. Transcription factors shown by shaded and open circles are those whose expression and/or activity changes or remains unchanged, respectively, in response to cold stimulation. Abbreviations are used as follows: CREB, cAMP response element binding protein; PPAR, peroxisome proliferator activated receptor; PGC-1, PPARg coactivator; TR, thyroid receptor; RAR, retinoic acid receptor; RXR, retinoid X receptor; NFE2L2, nuclear factor erythroid derived 2 like 2; AP-1, activating protein. a) Genes whose expression is changed in response to cold stimulation are listed with respect to patterns of changes and experimental conditions. If multiple results were reported in the same gene, we selected the most representative and informative result. b) Opposite effects are shown by using two lines for one gene. c) Time course of changes in expression of genes are shown by using "-" (e.g., "up-down"). d) Abbreviations are used as follows: m, minutes; h, hours; d, days; w, weeks.
Transcripts of these three UCPs are observed in BAT. But UCP2 is not observed by Western analysis. 84) As shown in Table 1 , expression of all UCP genes are changed in response to cold stimulation. 3, 6, [85] [86] [87] In vitro investigation suggested that all UCPs have proton transport function. 88) However, based on studies using knockout mice, [89] [90] [91] UCP1 is the only gene to effect thermogenesis; whereas the other UCPs have their own functions and roles.
As we previously reported, thermogenesis in BAT is achieved by expression of UCP1 and high capacity energy metabolic genes. 2, 4, 5) In addition, we had investigated the changes in expression of principal metabolic genes in BAT of rats fed in the cold condition. 3, 7) As a result, remarkable elevations of transcript levels of heart-type fatty acid binding protein, lipoprotein lipase, fatty acid transport protein, longchain acyl-CoA synthase, heart/muscle type carnitine palmytoyltransferase I-II, glucose transporter 1, 3, 4, and hexokinase I, II were observed in BAT of rats fed in a cold environment. These genes participate in the degradation of glucose and fatty acids. Therefore, we concluded that up-regulation of these metabolic genes is needed to supply energy used to activate thermogenesis effectively. Following our investigation, Yu X. X. et al. carried out quantitative expression analysis and real-time PCR to find genes whose expression changes in response to cold stimulation. 31) Their report showed essentially the same results as ours. In addition, these findings have been partly confirmed by differential mitochondrial proteome analysis. 92) Reported changes in gene expression in BAT of experimental animals exposed to a cold environment are thought to indicate acceleration of degradation of fuel molecules. However, several reports suggest not only degradation but also regeneration of fuel molecules is accelerated in BAT of coldexposed animals. Cold stimulation increases the activity and expression of the glycerokinase gene. 93, 94) Glycerokinase generates glycerol-3-phosphate from glycerol. The activity of glycerokinase is decreased in BAT of rats fed a high-protein and carbohydrate-free diet. 95) Interestingly, in these rats, activation of thermogenic function in response to adrenergic stimulation was decreased. In addition, the expression of genes encoding enzymes related to the generation of fatty acids is increased in response to cold stimulation. 32, 96) Taken together, the data shown that to achieve effective thermogenesis, the regeneration of triacylglycerol from glycerol-3-phosphate and fatty acid is necessary.
Binding of purine nucleotides to the binding site of UCP1 inhibits function of this protein as a proton transporter.
97) The inhibitory effect of guanine nucleotides is stronger than that of adenine nucleotides. 98) GMP reductase (GMPR) catalyzes the degradation of guanine nucleotides. Rodent GMPR was first identified by cDNA subtraction analysis as a gene whose is increased in BAT by acute cold exposure. 99) Therefore, it is thought that increased expression of the GMPR gene serves to remove this inhibitor of thermogenesis. 100) On the other hand, IMP dehydrogenase is known as a rate-limiting enzyme to generate guanine nucleotides. In our recent investigation, we showed that down-regulation of the expression of IMP dehydrogenase 1 gene occurred in BAT of cold exposed rats. Taken together, the above findings indicate that changes in the gene expression of GMPR and IMPDH1 in BAT caused by cold stimulation serve to enhance UCP1 function through decreasing the level of guanine nucleotides in brown adipocytes.
Cell death-inducing DFFA-like effector a (CIDEA) is highly expressed in BAT, and it was suggested that this protein inhibits directly the thermogenic function of UCP1. 101) PPARs possibly control expression of the CIDEA gene. 102) However, it is uncertain whether expression of this gene is changed in response to cold and/or adrenergic stimulation.
Mitochondrial creatine kinase generates phosphocreatine from creatine and mitochondrially synthesized ATP, and supplies phosphocreatine to the cytoplasm. When the ATP demand is acutely increased, cytosolic creatine kinase generates ATP from phosphocreatine. This system is referred to as the phosphocreatine shuttle, and is needed for efficient muscle contraction. Previous studies suggest that the activity of creatine kinases is increased in BAT of experimental animals fed under the cold condition. [103] [104] [105] In addition, our recent investigation revealed that the expression of several creatine kinase genes is increased in BAT of rats exposed to the cold. Although it is still unclear whether the phosphocreatine shuttle is functional in BAT or not, creatine kinases would contribute to effective thermogenesis.
Vascular endothelial growth factor (VEGF) activates angiogenesis in developing adipose tissue, and this gene is one of the target genes of HIF-1a. 106) As described above, cold stimulation induces proliferation of BAT. In brown adipocytes, adrenergic stimulation increases the expression of the VEGF gene, which would function to prevent hypoxia in newly generated brown adipocytes. 107, 108) Different from other tissues including WAT, in BAT of cold-exposed animals, hypoxia induced by highly activated energy metabolism does not affect the expression of the VEGF gene. 109) This implies that BAT has a specific mechanism to regulate the expression of the genes that act to prevent hypoxia.
Nerve growth factor (NGF) is secreted from cells, and activates the growth of nerves including sympathic nerve cells. The expression of the NGF gene is observed in rat and mouse brown adipocyte primary culture cells. 110) In adipose tissues of transgenic mice that overexpress NGF specifically in these tissues, the expression of the VEGF gene is increased. 111) This implies that NGF would enhance the expression of the VEGF gene in BAT. However, different from their effect on the VEGF gene, adrenergic and cold stimulation down-regulates the expression of the NGF gene in primary cultures of brown adipocytes and BAT of experimental animals. 110) Therefore, NGF would not be related to angiogenesis through increased expression of the VEGF gene in BAT of experimental animals exposed to the cold, but down-regulation of the NGF gene may have some other role to activate thermogenesis in BAT.
Leukocytes are the primary site of expression and secretion of interleukins. In addition to these cells, several tissues including BAT also produce IL-1a. 38) As described above, the receptor of this cytokine exists on the surface of brown adipocytes, and is regulated in response to cold stimulation. 38) In addition, it is also observed that cold stimulation decreases expression of the IL-1a gene. 38) These results suggest that IL-1a is an autocrine factor that controls thermogenesis.
Time Course of Changes in Thermogenesis
In this review, we described genes whose is up-or down-regu-lated by cold and/or adrenergic stimulation. The expression of the UCP1 gene increases to a steady-state level by cold exposure for 48 h. 6) In the case of most other genes, a similar tendency of change in expression is seen (Table 1) . However, several reports indicate a different time course of changes in the expression of the genes in response to long-term cold exposure. 30, 36, 53, 69, 107, 112) These time-course changes in the gene expression suggest that functional changes in thermogenesis occur with increased duration of cold exposure.
For example, subunit c of the ATP synthase F O complex has three isoform genes (P1, P2, and P3) encoded in the nuclear genome. In BAT, expression levels of ATP synthase subunits are relatively high, except for subunit c. 5, 113) Therefore, it was thought that this subunit is the key component to generate functional ATP synthase in BAT. Recently, by using transgenic mice, this idea was proved. 114) All three isoforms of subunit c are functional, but only the P1 gene changes expression in response to cold stimulation. 112) In this report, it was shown that the expression of P1 gene is increased from the beginning of cold exposure until 24 h but that prolonged cold exposure decreases its expression. Taken together, the data suggest that the function of ATP synthase is needed in the acute phase, but not in the chronic phase, of thermogenesis in BAT. A similar suggestion was made from investigation of the proliferation and development of brown adipocytes in response to adrenergic stimulation. 27, 28) These reports revealed the following: in the acute phase, proliferation of precursor cells occurs, whereas in the chronic phase, differentiation of precursor cells takes place. Enlargement of BAT during cold exposure is described by the additive effect of these two events. This result also suggests that there are two or more divided phases existent in adaptation to the cold in BAT.
As well as the above suggestions, these kinds of investigations may provide us new insights into the activation of thermogenesis in BAT.
CONCLUSIONS
In this review, we focused on the changes in the expression of the genes induced by cold and/or adrenergic stimulation. The results of several reports showed that not only the expression of the genes that relate to thermogenic function directly but also that of other genes is changed. This implies that BAT needs several uncharacterized functional changes besides its thermogenic function to achieve effective thermogenesis. Thus, the information which is obtained from gene expression studies provide us clues to understand better the mechanisms underlying the activation of thermogenesis and the function of BAT itself. Further investigations focused in the changes in gene expression should lead to further insights into BAT function.
On the other hand, several signal transduction pathways that are needed to activate thermogenesis include actions of kinases that control not only gene expression but also the activity of functional proteins. These kinds of information can not be obtained from gene expression studies. Therefore, proteomic and/or metabolomic approaches are needed to reveal completely the activation mechanism of thermogenesis.
